INTRODUCTION {#SEC1}
============

Capturing, in a structured format, the intricate protein interaction web underlying cell signaling is a first step to comprehend how their deregulation can cause phenotype modulations and diseases ([@B1]). Signaling resources can be classified according to their representation model ([@B2]). Several resources collect molecular interaction data as undirected physical protein-protein interactions (MINT, IntAct, IMEx, BIOGRID) ([@B3]). Others (Reactome, KEGG-metabolism) have adopted the reaction-based model, where the relation is represented as a reaction where a catalyst modulates the transformation of an input entity into an output ([@B6],[@B7]). Differently, databases such as SIGNOR ([@B8]), SignaLink ([@B9]) and KEGG-pathways ([@B6]) represent signaling data as activity flows. SIGNOR 2.0, the SIGnaling Network Open Resource 2.0 (<https://signor.uniroma2.it/>) stores manually annotated causal information extracted from the scientific literature as binary relationships between biological entities. In SIGNOR 2.0, each causal interaction is represented as a source entity that affects (up-regulates, down-regulates, etc.) a target entity and is annotated with the mechanism underlying the regulation (e.g. phosphorylation, ubiquitination, transcriptional regulation, etc.). Causal interactions are visualized as a dynamic and customizable graph where nodes are the entities and edges represent the causal relationships between them ([@B10]). Over the years SIGNOR 2.0 has established itself as the manually annotated database with highest coverage and annotation depth ([@B2]).

Here, we report the major improvements of the resource since its first release in 2016 ([@B8]). These include a significant growth in the number of causal interactions, in particular those involving mechanisms such as chemical inhibition/activation, phosphorylation, dephosphorylation and transcriptional regulation. Changes have been made in the curation practice and a manual of curation policy has been produced. In addition, we have revised the method to estimate a confidence score for each relationship. Finally, in order to comply with the FAIR data principles ([@B11]), new rules has been adopted such as (i) assignment of SIGNOR stable identifiers, (ii) programmatic access to data through REST APIs, (iii) bioschemas and downloadable data in standard-compliant formats such as PSI-MI CausalTAB ([@B12]) and GMT files. We have also considerably improved interoperability with other resources, such as UniProtKB ([@B13]), ChEBI ([@B14]), Complex Portal ([@B15]), PubMed, Gene Ontology ([@B16],[@B17]) and BRENDA ([@B18]).

RESULTS {#SEC2}
=======

Data growth and statistics {#SEC2-1}
--------------------------

The present version of SIGNOR 2.0, September 2019, contains almost 23 000 causal interaction records (Figure [1](#F1){ref-type="fig"}) supported by 7921 publications. Thus, over the past three years, the number of interactions has almost doubled, and the number of curated papers has increased steadily (Figure [1](#F1){ref-type="fig"}). The coverage of the human proteome is still rather sparse as only 4294 proteins are annotated with a relationship that permits to link to the cell causal interactome. The graph that can be downloaded from SIGNOR 2.0 is a multipartite graph as its vertices, in addition to proteins, may also represent other entities such as chemicals (874), small molecules (150), complexes (213), phenotypes (100) and protein families. The pie charts in Figure [1A](#F1){ref-type="fig"} illustrate the relative abundance of the different entity types and annotated mechanisms, while Figure [1B](#F1){ref-type="fig"} details the growth of annotated interactions and curated articles over the years.

![SIGNOR Data Growth. (**A**) The pie charts illustrate the number of entity types and mechanisms annotated in SIGNOR. (**B**) The growth curves illustrate the increment in the number of curated interactions and articles (B) since the 2016.](gkz949fig1){#F1}

Most of the increment in the number of annotated interactions is from unbiased (domain-independent) curation. However, dedicated efforts were made to increase the coverage of domains of interest in our group. For instance, a specific literature search aimed at extending the coverage of relationships that modulate the activity of Transcription Factors (TFs) and the relationships between TFs and their validated target genes. To date, 571 TFs (35% of the TFs defined in the list of Lambert group) ([@B19]) have at least one relationship annotated in SIGNOR.

To support a group effort aimed at linking 'cancer genes' to cancer Hallmark phenotypes ([@B20]), we have also significantly increased the coverage of the cancer related genes that are annotated in SIGNOR 2.0: 497 of the 564 Tier 1 onco-related genes (88%) listed in the 'Cancer Gene Census' ([@B21]) are now integrated in the SIGNOR 2.0 causal network.

A dedicated curation effort was also devoted to post-translational modifications, focusing on phosphorylation and dephosphorylation modifications. Only modifications with a known effect (activation/inactivation) on the target protein were considered. As a consequence, the number of causal phosphorylation reactions have increased from 4900 to 9088 and the dephosphorylation reactions from 250 to 1072. 381 kinases and 119 phosphatases are now integrated in the SIGNOR causal network.

SIGNOR was also conceived as a resource to assist in the design of network perturbation experiments. Thus, a significant fraction of the recent data curation was devoted to increasing the number of relationships involving chemical ligands that affect the activity of target proteins. To this end, we downloaded the information annotated in the Guide to Immunopharmacology ([www.guidetopharmacology.org](http://www.guidetopharmacology.org)) resource that contains expert-curated interactions between targets and ligands (drugs, chemicals, small molecules and proteins) extracted from pharmacology and drug discovery journals ([@B22]). In the curation of this dataset, we prioritized interactions between FDA-approved drugs, in particular anti-cancer targeted drugs, and as targets, proteins involved in important cellular processes and diseases such as receptors and TFs. We then mapped the ligands to their ChEBI or PubCHEM IDs and re-curated each paper following our curation rules and Controlled Vocabulary (CVs).

Among the curated ligand--target relationships, we have annotated 91 FDA-approved anti-cancer drugs and their 105 corresponding targets covering 60% of the anti-cancer drugs reported in the Sun paper ([@B23]). So far, this effort has allowed to annotate over 2350 chemical inhibition/activation relationships between over 1000 ligands (drugs, chemicals or small molecules) and 600 target proteins.

We have also annotated the large G protein-coupled receptors (GPCRs) interaction dataset recently published by Inoue *et al.* ([@B24]), covering ligand-induced interactions between 148 GPCRs and all 11 Gα subunits. This precious dataset is available in the download page (<https://signor.uniroma2.it/downloads.php#GPCR>).

SIGNOR 2.0 is mainly a non-organized collection of causal relationships. User feedback, however, has ascertained that the organization of the annotated relationships in pathways has some value for users. Since pathways are only useful mental abstractions, they cannot have a unique definition and different experts are likely to associate different relationships to the same pathway. Our criterion in defining the size of a subgraph representing a pathway is the ease in the interpretation of the corresponding graph layout. As a consequence, the pathways annotated in SIGNOR 2.0 are limited to a maximum of approximately 30 nodes and 50 edges. SIGNOR 2.0, in its latest release, offers the annotation of 49 curated pathways. This pathway list is available in the SIGNOR 2.0 home page through a drop-down menu that allows pathway selection for graphical representation. Moreover, the pathways stored in SIGNOR 2.0 can be viewed in the NDEx resource ([@B25]) and visualized and manipulated in the Cytoscape application ([@B26]).

Curation policy {#SEC2-2}
---------------

Over the past few years, the signaling community has worked within the HUPO-PSI and GREEKC frameworks ([@B27]), to develop guidelines, curation rules, controlled vocabularies and formats for the annotation and representation of causal interactions in a structured format. This effort aims at facilitating data exchange and comparison. The CausalTAB or 'PSI Causal Interaction format TAB', the newly developed PSI-MI tab-delimited format, has been established in agreement with the PSI-MI agenda ([@B12],[@B27]) and new CV terms have been defined in order to be able to describe the diverse characteristics of causal interactions.

### Minimum information and controlled vocabularies {#SEC2-2-1}

In addition, the signaling community has agreed on establishing guidelines dubbed 'minimum information about a molecular interaction causal statement (MI2CAST)' that recommends ontologies, CVs and other related details to represent causal interactions in a standardized and reproducible way. We have updated our internal control vocabulary in compliance with the new standards. All terms have been mapped to the PSI-MI Controlled Vocabulary terms under the root term 'causal interaction' (<https://www.ebi.ac.uk/ols/ontologies/mi/terms?iri=http%3A%2F%2Fpurl.obolibrary.org%2Fobo%2FMI_2233>). For example, all the terms annotated as 'activates/inactivates' have been converted into 'up-regulates/down-regulates' or into more granular child terms (e.g. up-regulates activity or down-regulates quantity by destabilization).

### Reference databases {#SEC2-2-2}

All the biological entities represented in SIGNOR 2.0 are cross-linked to reference databases, such as UniProtKB ([@B13]) for proteins, miRbase ([@B28]) and RNA Central ([@B29]) for RNA, BRENDA ([@B18]) for cell lines/tissues. Following the MI2CAST recommendations, chemicals and small ligands are now linked to the ChEBI database ([@B14]) and, whenever the chemical is not annotated in this database, the reference database is PUBCHEM ([@B30]).

We have also annotated signaling interactions involving all the 18 antibodies utilized in cancer therapy and their cellular target ([@B23]) and four recombinant proteins currently used in cancer therapy. The antibody entities are linked to the reference database DRUGBANK ([@B31]) while the recombinant proteins refers to the ChEBI database (SID codes) ([@B14]).

SIGNOR 2.0 also contains data on fusion proteins, proteins generated by translocation events involving critical regions of proto-oncogenes. The rearrangements generate chimeric proteins directly promoting abnormal cell proliferation or differentiation blocks. Fusion proteins actively contributing to carcinogenesis, as for example the fusion proteins AML1-ETO and PML-RARα in Leukemia ([@B32]). Fusion proteins are very often annotated in UniProtKB ([@B13]) as unreviewed and with a very low annotation score. For this reason, we have decided to assign to these proteins an internal unique SIGNOR identifier (<https://signor.uniroma2.it/relation_result.php?id=SIGNOR-FP1>).

Additional new features {#SEC2-3}
-----------------------

### Orthology mapping {#SEC2-3-1}

SIGNOR 2.0 data curation maps all the experimental information to the human proteome while maintaining the information on the organism used to provide the experimental evidence. To meet some user requirements, an effort has been made to map the human causal interactome onto the proteome of two experimental organisms, *Mus musculus* and *Rattus norvegicus*. Mapping was obtained by extracting orthology data from the InParanoid resource ([@B35]). Each human protein was mapped to the mouse (or rat) protein with the highest orthology score. A script was also created in order to map SIGNOR 2.0 phosphorylation data onto the ortholog proteins using a BLOSUM75 scoring similarity matrix to align phosphopeptides in orthologs of different organisms. Thus, SIGNOR 2.0 is the union of three organism specific databases and the user can select in the home page the proteome context he/she wants to perform the searches in.

### Improved search box {#SEC2-3-2}

To provide a more intuitive user experience, the newly improved search box in the home page includes now the possibility to search by PMID by selecting the corresponding tab. The search result will include information about the selected article and any relations whose curations were based on it.

### Shortest path {#SEC2-3-3}

To meet user requests, we also implemented a new functionality that permits to connect any two graph nodes (entities) by causal interactions. In the search box, the user has now the possibility to insert one, two or more entity names or identifiers and, depending on the number of inserted entities, to get access to different functionalities. If only one entity is entered in the field, the search returns the 'entity page' listing all the relationships pertaining to the query entity. If the entity names are more than one, by clicking the 'all' check-box button, one obtains a graph showing all the relationships in which the query entities are involved, when the 'connect' check-box is selected only the interactions connecting the query entities will be displayed. An extension of this latter functionality permits to draw graphs connecting the query proteins via additional 'bridge' proteins ('include first neighbors' check-box).

Finally, a new algorithm was implemented to identify the shortest directional path between any two nodes in the causal graph. The algorithm can be launched when the query field contains two entities. In this case the 'shortest path' check box can be selected to launch an algorithm that finds the shortest directional path (and those that are one step longer) between the two entities. The results of such a query are shown both in a graph and a table view (Figure [2](#F2){ref-type="fig"}), where the paths are ordered according to 'path length'. The table view also shows, with a color-code whether each path results in activation or inhibition of the end entity (Figure [2](#F2){ref-type="fig"}).

![SIGNOR 'shortest path' functionality. In the homepage, the search panel allows to enter two SIGNOR entities such as genes (Uniprot ID or gene names) or phenotypes and to query the database for the shortest causal path(s) joining them. The result network displays the shortest paths linking the query entities and a table listing all the shortest paths. In the table, paths are colored in green or red depending on their activation or and inhibition output.](gkz949fig2){#F2}

### Download page {#SEC2-3-4}

The data in SIGNOR 2.0 can be freely downloaded. In the download page, the user can choose to download various subsets of the data, i.e phosphorylation data, specific interactions based on relation ID, transcriptional relations and pathway-specific relations in various formats, such as SBML and GMT. The entire dataset of binary causal interactions is offered both as a stable quarterly release and as a 'live', up-to-date file containing all the recently curate interactions. Files are offered in a tab-delimited format as well as a CausalTab. SIGNOR 2.0 entity data, and detailed information about CV, is available for download as well.

### APIs {#SEC2-3-5}

To facilitate programmatic access to SIGNOR 2.0, data can also be retrieved via a REST API that is based on simple URL queries using selected parameters, as shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. The query results are provided in a tab-delimited, plain text format.

### Bioschemas {#SEC2-3-6}

In order to join the effort toward increasing 'searchability' and 'findability' of biological data, the Schema.org markup has been included in the main SIGNOR 2.0 page code. This includes descriptive information about the database and its contents, plus information about data formats and retrieval.

New SIGNOR 2.0 score {#SEC2-4}
--------------------

The new SIGNOR 2.0 score combines four features, each taken as evidence of the support for the functional relevance of the considered causal relationship. The features can be divided into two categories; the first one is based on the annotation within SIGNOR 2.0, whereas the second one employs external resources.

For the first two features, we count (i) the number of annotated articles (PMIDs) reporting works that support the interaction in the annotation in SIGNOR 2.0 and (ii) the number of occurrences of the specific relationship in a pathway that is already annotated in SIGNOR 2.0.

The remaining two features are independent from SIGNOR 2.0 annotations and consider the support that is possible to extract from two of the major curated pathway databases: Reactome ([@B7]) and UniProtKB ([@B13]).

For the 'Reactome feature' we count the number of occurrences of the specific interaction pair in the 'Human Protein Interactions' file that can be downloaded from the Reactome website. As for the UniProtKB feature, we surmise that if entity X (protein or phenotype) is mentioned in the UniprotKB page of protein Y, the two entities are more likely to be functionally correlated. Thus, for a given *source*--*target* relationship we count how many times the *target* entity is mentioned in the UniProtKB entity page of the *source*.

Each feature returns a figure '*n*' (number of PMIDs, number of occurrences, number of mentions, etc.) that we associate to a 'partial score' *Y* according to the following formula in order to normalize each value in the 0--1 range.$$\documentclass[12pt]{minimal}
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The constant *C* was empirically set to 1.5 for all the features with the exception of the number of supporting PMIDs that was set to 2.2, since this feature has much lower values than the other ones. The final combined score (*r*) is obtained by averaging the four partial scores.$$\documentclass[12pt]{minimal}
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The score ranges between 0 and 1. However the score can never be 0 since all SIGNOR relations are supported by at least one reference. The combined score distribution is depicted as a bar diagram ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

DISCUSSION {#SEC3}
==========

Signaling information can be captured by a variety of different models each with a different level of description granularity and coverage potential. Some established databases, such as KEGG and REACTOME use reaction-based models, which capture some mechanistic details and---kinetic constants available---the dynamics of networks containing up to a few dozen entities. Models based on networks of logic relationships, such as SIGNOR, on the other hand, have a higher potential to describe larger systems at the expenses of mechanistic details. Users have the possibility to choose a specific resource in the signaling resources panorama, according to their needs or interest.

Here we have presented SIGNOR 2.0, which is a much improved version of the database published in 2016 ([@B8]). The most significant progresses are:The number of stored logic relationships has almost doubled.Focused curation on relationships involving membrane receptors, proteins mutated in cancers and pharmacologically relevant proteins.Clearer definition of curation rules, controlled vocabularies and standards for data exchange.REST APIs for programmatic access.New graph analysis tools to explore functional connections between any pair of network entities.

The large collection of manually-curated logic relationships annotated in SIGNOR 2.0 can be used to infer the cell information flow and to reveal how mutations may cause diseases. Graph algorithms help to extract biological hypothesis from the stored information and dedicated resources build on the SIGNOR 2.0 dataset to offer biological insights in specific biological domains, such as diseases ([@B36]), cancer (Iannuccelli *et al.* under submission to the NAR database issue) and muscle regeneration ([@B37]) (Figure [3](#F3){ref-type="fig"}). However, users should bear in mind that these tools only offer 'naive' hypotheses based on graph theory, which should be critically evaluated.

![SIGNOR 2.0 interoperability and data usage. (**A**) SIGNOR 2.0 refers to a number of external resources for cross reference and metadata. The three specialized resources illustrated here use the data in SIGNOR to extract biologically relevant information in three biological domains: (**B**) Disnor, a resource designed to infer disease pathways by functionally linking disease-associated genes, (**C**) Myo-REG, a web portal that offers information on cell and signaling interactions during muscle regeneration and (**D**) CancerGeneNet, a resource that links genes cancer frequently mutated in cancer to cancer Hallmarks phenotypes.](gkz949fig3){#F3}

The annotated causal relationships are supported by experimental evidence in different organisms and cell systems. Although SIGNOR 2.0 keeps track of this information, the relationships are automatically mapped onto the human proteome and then remapped by orthology, onto the proteome of other model organisms. The result is an intricate highly connected network. The impact of altering the activity of a specific node (mutation) on any other node of the network can be estimated by looking the graph paths connecting the two query nodes. The result of such a procedure is not unambiguous as the different paths that are retrieved may predict opposite effects on the target protein or phenotype. There are a variety of reasons for this apparently contradictory response. For instance, not all proteins are equally expressed in the different systems and a different proteome context may favor one or the other outcome. Although the newly developed reliability score may help in limiting the analysis to paths covering more trustworthy relationships, it is left to the 'expert' users to filter out the paths that, based on their experience, are unlikely to be biologically relevant or to test them experimentally.

SIGNOR 2.0, with its growth and improvements, is now a more mature resource that offers valuable tools to design experiments and interpret the results.

Importantly, in the new version of SIGNOR 2.0, we followed FAIR data principles in order to increase data interoperability. SIGNOR 2.0 now adopts stable identifiers, offers REST APIs for programmatic access, implements bioschemas and allows data download in standard-compliant format.

DATA AVAILABILITY {#SEC4}
=================

SIGNOR 2.0 interaction data are available and freely downloadable at: <https://signor.uniroma2.it/downloads.php>.

Furthermore, programmatic access is available through the APIs section at <https://signor.uniroma2.it/APIs.php>.

All described database features are accessible via the main SIGNOR 2.0 website: <https://signor.uniroma2.it/>.

Supplementary Material
======================

###### 

Click here for additional data file.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz949#supplementary-data) are available at NAR Online.
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